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INTRODUCTION 


A  percentage  of  NF1  patients  may  experience  an  increase  in  pain  after  surgical  removal  of  a  neurofibroma.  This 
pain  is  due  to  the  fonnation  of  a  painful  neuroma,  a  jumbled  mass  of  nerve  fibers  and  connective  tissues,  at  the 
cut  end  of  the  nerve.  Palpating  the  tissue  overlying  a  neuroma  evokes  paresthesias/dysasethesias  in  the 
distribution  of  the  injured  nerve.  Surgical  resection  of  the  neuroma  may  provide  relief,  but  the  pain  often  recurs 
following  the  inevitable  evolution  of  a  new  neuroma  at  the  nerve  end.  Previous  animal  models  of  neuropathic 
pain  have  focused  on  the  mechanical  hyperalgesia  and  allodynia  that  develops  at  a  location  distant  from  the  site 
of  injury  and  not  on  the  pain  from  direct  stimulation  of  the  neuroma.  We  describe  a  new  animal  model  of 
neuroma  pain,  the  tibial  neuroma  transposition  (TNT)  model,  in  which  the  neuroma  is  located  in  a  position  that 
is  accessible  to  mechanical  testing  and  outside  of  the  innervation  territory  of  the  injured  nerve.  This  allows 
testing  of  pain  in  response  to  mechanical  stimulation  of  the  neuroma  (which  we  call  neuroma  tenderness) 
independent  of  pain  due  to  mechanical  hyperalgesia.  Mechanical  stimulation  of  the  neuroma  produced  a 
profound  withdrawal  behavior  that  could  be  distinguished  from  the  hyperalgesia  that  developed  on  the  hindpaw. 
The  ultimate  objective  of  this  research  is  to  prevent  refonnation  of  a  painful  Neuroma  by  using  suicide  transport 
of  neuronal  toxins. 

BODY 

We  will  present  a  summary  of  our  efforts  that  represent  1,  research  based  directly  on  the  specific 
aims  of  the  grant  and  2,  outgrowth  research  to  improve  methodology  in  this  work  and  increase 
our  understanding  of  the  patho-physiology  underlying  neuropathic  pain. 

1)  Specific  Aim  Directed  Research 

In  year  one,  we  firmly  established  the  TNT  model  with  the  addition  of  sufficient  animal  numbers  to  our 
preliminary  work  to  produce  a  reliable,  statistical  and  publishable  result.  We  then  completed  our  first  specific 
aim  by  demonstrating  that  blocking  neural  input  from  the  neuroma  to  the  CNS  reversed  the  pain  behavior 
produced  by  the  TNT  model.  In  year  2  we  have  been  experimenting  with  a  variety  of  neural  toxins  to  prevent 
neuroma  formation  through  retrograde  transport  and  cell  death. 

Retrograde  Transport  Experiments 

Our  initial  experiments  focused  on  using  OX7-SAP  (Specific  Aim  2).  This  toxin  consists  of  the  mitogen 
recognizing  complex  monoclonal  antibody,  0X7,  specific  for  the  rat  Thy  1  coupled  to  saporin,  a  ribosome 
inactivating  protein.  The  target  antigen,  rat  Thy  1,  is  present  on  all  adult  neuronal  cells.  As  Thy  1  is  present  on 
neurons  and  essentially  absent  from  other  tissues,  the  expectation  was  that  injection  of  0X7-SAP  into  the 
neuroma  would  selectively  destroy  the  neurons  terminating  there.  The  0X7-SAP  experiments  did  not  provide 
consistent  outcomes.  One  possible  explanation  is  that  some  antigenic  structures  of  neurons  are  down-regulated 
after  injury.  A  recently  published  study  indicates  that  Thy  1  is  transiently  decreased  in  DRG  neurons  after 
sciatic  nerve  crush.  It  is  important  to  note  that  although  consistent  with  our  findings,  this  infonnation  was  not 
available  at  the  commencement  of  our  studies.  Nonetheless,  it  was  decided  that  the  most  effective  next  step  was 
to  examine  the  efficacy  of  a  less  selective  suicide  transport  molecule:  Ricin. 

Subsequent  work  has  focused  on  establishing  a  proof  of  principal  for  suicide  transport.  Ricin  is  a  neurotoxic 
lectin,  derived  from  castor  beans,  that  binds  to  certain  oligosaccharides  on  the  cell  surface.  After  binding,  it 
undergoes  endocytosis  and  is  axoplasmically  transported  to  the  cell  body  where  it  causes  ribosome  inactivation, 
inhibition  of  protein  synthesis,  and  ultimately  cell  death.  An  intraneural  injection  of  ricin  causes  a  loss  of 
neurons  in  the  corresponding  DRG,  anterior  motor  horn  region,  and  complete  degeneration  (Wallerian)  of  both 
myelinated  and  unmyelinated  axons  in  the  peripheral  nerve,  central  processes,  and  terminals.  We  decided  to 
use  Ricin  injections  as  a  proof  of  principal  experiment  for  the  concept  of  preventing  painful  neuroma  formation 
as  it  is  has  a  more  robust  and  less  specific  effect  to  0X7-SAP. 

In  discussion  with  various  experts  in  the  field  of  neural  toxins  and  retrograde  transport  we  identified  Wheat 
Germ  Agglutinin  (WGA)  coupled  to  Saporin  as  an  interesting  neuronal  toxin.  This  toxin  will  bind 
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preferentially  to  small  neuronal  fibers,  ones  usually  associated  with  pain  transmission.  We  decided  to  pursue 
additional  experiments  and  determine  if  this  toxin  would  produce  neuronal  cell  death  and  Wallerian 
degeneration  and  prevent  the  development  of  a  painful  neuroma. 

Method 

Establishing  the  TNT  model 

The  posterior  tibial  nerve  was  exposed  from  approximately  8  mm  proximal  to  the  calcaneal  branch  to  1  mm 
distal  to  the  plantar  nerve  bifurcation.  The  integrity  of  the  calcaneal  branch  was  preserved  while  it  was  dissected 
free  from  the  main  trunk  of  the  tibial  nerve.  Just  proximal  to  the  plantar  bifurcation,  the  tibial  nerve  was  tightly 
ligated  with  6-0  silk  and  sharply  transected  with  scissors.  Using  a  blunt  glass  probe,  a  subcutaneous  tunnel  was 
burrowed  from  the  medial  incision  site  to  the  lateral  aspect  of  the  hind  limb.  A  1.5  mm  diameter  plastic  tube 
with  a  longitudinal  slit  in  one  wall  was  placed  in  the  tunnel.  The  needle-baring  end  of  the  suture  used  to  ligate 
the  tibial  nerve  was  passed  through  the  plastic  tube  and  pushed  through  the  skin  at  a  location  8-10  mm  superior 
to  the  lateral  malleolus.  The  plastic  tube  was  then  removed  from  the  tunnel.  The  suture  was  gently  pulled  to 
advance  the  tibial  nerve  stump  through  the  subcutaneous  tunnel,  until  it  was  flush  with  the  inner  surface  of 
the  skin  of  the  lateral  hind  limb.  The  suture  was  then  cut  flush  with  the  skin.  The  incision  was  closed  with 
running  6-0  silk  sutures.  The  subsequent  neuroma  was  located  in  a  lateral  position  that  was  easily  accessible  for 
mechanical  testing.  The  suture  material  could  be  viewed  just  below  the  skin  surface  and  provided  a  target  for 
mechanical  testing. 

Behavioral  Testing 

The  rats  were  tested  three  times  preoperatively  and  several  times  during  the  postoperative  period.  The  animals 
were  placed  in  individual  transparent  plastic  cages  on  top  of  an  elevated  wire  mesh  stage  that  allowed  access  to 
the  plantar  surface  of  the  paw.  A  2.5  x  20  cm  window  at  the  bottom  of  the  sidewalls  of  the  cages  pennitted 
application  of  von  Frey  filaments  to  the  ankle  region.  The  animals  were  allowed  to  acclimate  to  the  testing 
environment  for  20-30  minutes  before  testing  began 
Neuroma  Tenderness 

The  suture  tied  to  the  distal  end  of  the  tibial  nerve  or  connective  tissue  was  visible  through  the  skin  and  served 
as  the  target  for  mechanical  stimuli.  An  analogous  site  served  as  the  target  on  the  contralateral  hindlimb.  A  trial 
consisted  of  a  train  of  five  applications  of  a  von  Frey  filament  (150  mN  for  1-2  s)  with  an  interstimulus  interval 
of  1  s.  If  the  animal  responded  to  any  of  the  five  applications,  the  trial  was  tenninated.  A  positive  response  was 
defined  as  a  slow  withdrawal  of  the  hindpaw,  or  rapid  withdrawal  with  vocalization,  licking,  or  shaking. 

A  grading  system  to  qualitatively  evaluate  behavioral  responses  was  used.  Each  trial  was  assigned  a  response 
grade  ranging  from  0  to  2  based  on  the  animal’s  response.  A  grade  of  0  indicated  that  the  animal  did  not 
respond  during  a  given  trial.  A  grade  1  response  represented  a  slow  withdrawal  of  the  paw.  A  grade  2  response 
was  defined  as  a  brisk  withdrawal  or  shaking,  licking,  or  vocalization.  The  Withdrawal  Score  was  defined  as  the 
sum  of  response  grades  for  five  trials  and  ranged  from  0  to  10.  (See  our  recently  published  manuscript  that  is 
included  in  this  report  for  additional  details  of  the  testing  procedure) 

Nerve  Injection 

Just  proximal  to  the  plantar  bifurcation,  the  tibial  nerve  is  sharply  transected  with  scissors.  Forceps  are  used  to 
crush  the  nerve  2  mm  proximal  to  the  cut  end  of  the  nerve.  A  glass  micropipette  connected  to  a  Hamilton 
microliter  syringe  pump  system  (Hamilton  Company,  4970  Energy  Way,  Reno,  Nevada  USA)  is  carefully 
inserted  into  the  center  of  the  proximal  stump  of  the  tibial  nerve  and  advanced  to  the  region  of  the  nerve  that 
was  crushed.  Then,  2  pi  volume  of  toxin  or  control  is  injected  over  20  minutes.  An  indicator  dye  (fast  green) 
was  included  with  the  drug  to  allow  us  to  verily  the  drug  does  not  leak  out  of  the  nerve  during  the  injection 
procedure.  If  a  substantial  amount  of  dye  leaked  out,  we  excluded  the  animal  from  the  subsequent  analysis. 

After  drawing  out  the  micropipette,  the  stump  of  the  tibial  nerve  is  tightly  ligated  with  6-0  silk,  and  then 
transposed  to  the  lateral  hindlimb  (as  described  above  for  TNT  model  surgery). 
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Histopathology 

Animals  were  deeply  anesthetized  with  10%  isoflurane  and  received  a  transcardiac  perfusion  with  0.1M  PBS 
(pH  7.4),  followed  by  4.0%  paraformaldehyde  solution  in  Sorenson’s  buffered  solution  (pH  7.4).  All  surgical 
lesions  were  grossly  confirmed.  The  tibial  nerve  was  inspected  for  the  presence  of  a  neuroma  (when 
appropriate).  The  nerves  to  be  studied  (sciatic,  tibial,  calcaneal,  peroneal)  were  harvested.  Relevant  spinal  cord 
and  DRG  were  harvested.  Serial  sections  were  taken  beginning  at  the  distal  nerve  end  and  proceeding  proximal. 
Peripheral  nerves  and  dorsal/ventral  roots.  For  plastic  section,  the  specimens  are  fixed  in  2%  glutaraldehyde  in 
buffered  cacodylate.  Serial  dehydration  through  graded  ethyl  alcohol  solution  is  performed  over  24  hours.  The 
specimens  are  then  post-fixed  in  2%  osmium  tetroxide  and  embedded  in  Epon.  Plastic  embedded  tissue  will 
produce  1  micron  sections  to  be  stained  with  toluidine  blue.  Paraffin  sections  are  post-fixed  for  48  hours  in  4% 
paraformaldehyde  then  transferred  to  PBS  and  kept  at  4°C  until  sectioning.  Paraffin  sections  will  produce  12 
micron  sections  to  be  stained  with  hematoxylin  and  eosin  and  alternatively  examined  unstained.  DRG  and 
spinal  cord.  Paraffin  sections  are  post-fixed  for  4-6  hours  in  4%  paraformaldehyde  then  transferred  to  PBS  and 
kept  at  4°C  until  sectioning.  Paraffin  sections  will  produce  12  micron  sections  to  be  stained  with  hematoxylin 
and  eosin  and  alternatively  examined  unstained. 


Experimental  Design 

The  experiments  examining  retrograde  transport  of  a  neural  toxin  and  painful  neuroma  prevention  were  initially 
performed  in  an  open  label  fonnat  to  detennine  drug  dosing  and  pharmacological  effect.  All  subsequent  studies 
included  blinding  of  the  examiner.  The  retrogradely  transported  toxins  that  we  have  examined  included  0X7- 
SAP,  WGA-SAP,  and  Ricin. 


Results 


OX7-SAP 

In  our  initial  open  labeled  studies,  we  used  OX7-SAP  doses  up  to  2  ug  in  2  ul.  It  was  initially  surprising  to  find 
that  even  the  highest  dose  (2  ug,  see  Figure  1  in  Supporting  Data)  did  not  lead  to  a  decrease  in  neuroma 
tenderness.  Given  that  the  Thy-1  receptor  is  not  found  in  human  and  the  lack  of  a  behavioral  result,  we  decided 
to  try  other  toxins  instead  of  pursuing  OX7-SAP.  As  previously  stated,  a  recent  publication  has  documented  the 
down  regulation  of  the  receptor  after  axotomy  providing  a  possible  explanation  for  the  lack  of  experimental 
effect. 

Ricin 

Our  initial  open  labeled  studies  used  doses  ranging  from  0.5  ng  to  500  ng  of  Ricin  in  2  ul.  In  these  studies,  we 
saw  a  decrease  in  the  behavioral  response  to  neuroma  stimulation  at  some  of  the  middle  doses.  At  the  higher 
doses  (>  50  ng)  we  saw  localized  tissue  necrosis  overlying  the  neuroma  site  that  became  more  pronounced  at 
higher  doses.  We  therefore  chose  to  investigate  the  following  doses  in  our  blinded  and  controlled  study  (1,5, 

10,  20  ng).  The  behavioral  results  from  these  data  are  shown  in  Figure  2  (see  Supporting  Data).  In  the  top  panel 
of  Figure  2,  the  behavioral  responses  to  von  Frey  stimulation  of  the  neuroma  site  are  plotted  as  a  function  of 
time  after  the  lesion.  Each  curve  corresponds  to  a  different  dose  of  ricin.  In  bottom  panel  of  Figure  2,  the  dose 
response  function  for  ricin  is  plotted.  For  these  data,  we  determined  the  average  behavioral  response  after  the 
ricin  administration  (i.e.,  average  response  from  day  9  to  35).  Ricin  led  to  a  significant  reduction  in  the 
behavioral  response  at  both  the  10  ng  and  20  ng  dose. 

On  histology  review,  we  found  that  the  highest  doses  of  Ricin  (>  50  ng)  produced  a  nearly  complete 
elimination  of  myelinated  axons  from  the  neuroma  itself.  Examination  of  more  proximal  nerve  segments 
demonstrated  segmental  Wallerian  Degeneration  as  would  be  expected  for  a  toxin  producing  cell  death.  The 
lowest  doses  resulted  in  a  minimal  reduction  in  myelinated  axons  in  the  neuroma  itself  with  some  proximal 
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Wallerian  Degeneration.  The  animals  treated  with  20  ng  doses  of  Ricin  exhibited  marked  or  nearly  complete 


elimination  of  myelinated  axons  from  the  neuroma  itself.  An  example  of  this  is  shown  in  the  figure  which 
compares  the  appearance  of  an  neuroma  exposed  to  1  ng  of  Ricin  (nearly  normal  neuroma  with  many 
myelinated  axons,  examples  are  indicated  by  the  yellow  arrows  but  dozens  are  present)  to  the  appearance  of  a 
neuroma  treated  with  20  ng  of  Ricin  (nearly  all  myelinated  axons  are  degenerated,  three  axons  are  indicated  by 
yellow  arrows). 

Additional  observations  were  made  of  the  proximal  nerves  and  the  dorsal  root  ganglia,  where  the  cell 
bodies  of  the  C-fiber  axons  are  located  and  the  spinal  cord.  In  the  proximal  nerves,  there  was  focal  Wallerian 
degeneration,  that  was  focal  within  the  nerve  indicating  that  this  was  due  to  proximal  degeneration  of  axons 
supplying  the  distal  nerve  branch  that  had  been  treated  with  Ricin.  This  is  illustrated  in  the  figure  at  left  where 

the  normal  density  of  axons  in  an  untreated  branch  of  the  nerve  is 
seen  in  the  lower  part  of  the  figure,  the  depleted  density  of  axons  due 
to  treatment  is  seen  in  the  upper  portion  of  the  figure.  In  the  DRG, 
there  was  evidence  of  single,  isolated  neurons  undergoing 
phagocytosis  by  leukocytes;  strikingly,  adjacent  neurons  were 
completely  normal  in  appearance  as  gauged  by  the  H&E  staining. 
These  findings  were  consistent  with  the  toxin  working  via  a  dose- 
dependent  mechanism  and  inducing  neuronal  death  by  a  suicide 
transport  mechanism. 

Taken  together,  these  data  demonstrate  the  proof-of-concept 
that  injection  of  suicide  transport  molecules  can  eliminate  the 
myelinated  nerve  endings  from  a  neuroma  and  lead  to  a  significant 
reduction  of  neuroma  tenderness. 


Wheat  Germ  Agglutinin  -  SAP 

In  our  open  labeled  studies  we  used  doses  of  WGA-SAP  ranging  from  5  to  200  ng.  None  of  these  doses  led  to  a 
significant  decrease  in  the  behavioral  responses  to  neuroma  stimulation. 

On  histology  review,  we  observed  dose  dependent  effect  at  the  level  of  the  neuroma.  This  effect  consisted  of  a 
decrease  in  the  number  of  unmyelinated  axons  and  an  increase  in  the  number  of  regenerative  clusters.  More 
proximal  portions  of  the  nerve  were  evaluated  by  both  plastic  section  analysis  and  selected  nerves  by  paraffin 
section.  The  plastic  section  analysis  of  the  proximal  nerves  indicated  that,  except  at  the  highest  dose,  the 
myelinated  axons  were  essentially  nonnal  in  appearance  with  a  very  small  number  of  myelinated  axons 
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undergoing  Wallerian  Degeneration.  Aside  from  the  preservation  of  myelinated  axons,  there  appeared  to  be  a 
decrease  in  C- fibers  in  segments  of  the  nerve  however,  given  the  random  distribution  of  C-fibcrs  in  the  normal 
nerve  this  was  difficult  to  assess  fully.  There  was  however  an  increase  in  nuclear  number,  consistent  with 
increased  numbers  of  Schwann  cells  in  some  segments  of  the  proximal  nerve.  This  was  confirmed  by 
examination  of  the  paraffin  sections  stained  with  H&E. 

The  histology  observations  were  consistent  with  the  degeneration  of  C-fiber  axons  which,  being  unmyelinated, 
leave  few  traces  after  undergoing  abrupt  degeneration.  The  one  remnant  of  this  process  is  typically  an  increased 
number  of  Schwann  cells  as  observed  in  these  nerves.  These  findings  are  consistent  with  a  highly  selective 
destruction  of  small  fiber  axons  and  the  associated  neurons.  This  is  strongly  supportive  of  successful  targeting 
of  the  WGA-SAP  to  the  intended  target. 

Putting  together  the  behavioral  and  histology  results,  the  data  demonstrate  that  elimination  of  most 
unmyelinated  fiber  innervation  of  the  neuroma  does  not  eliminate  neuroma  tenderness.  This  has  led  to  our 
current  hypothesis  that  the  neuroma  tenderness  is  due  to  activity  in  myelinated  fibers.  This  is  consistent  with  the 
clinical  observation  that  tapping  on  a  neuroma  leads  to  sharp,  “electric”  pain  that  is  immediately  perceived  (i.e., 
faster  than  would  be  conducted  by  activation  of  unmyelinated  fibers).  To  pursue  this  hypothesis,  we  plan  to  use 
a  toxin  that  is  specific  to  myelinated  fibers.  Initially  we  will  use  CTB-SAP. 


2)  Outgrowth  Research 

Anti-ganglioside  Antibodies 

Dr.  Kazim  Sheikh  from  Johns  Hopkins  Department  of  Neurology  has  demonstrated  that  the  systemic 
administration  of  a  monoclonal  anti-ganglioside  antibody  leads  to  profound  inhibition  of  axon  sprouting  in  a 
sciatic  nerve  crush  model.  He  has  obtained  funding  from  the  Blaustein  Pain  Foundation  to  explore  the 
hypothesis  that  this  technique  could  be  used  to  alter  pain  from  nerve  injury.  Part  of  the  basis  of  the  grant  is  a 
collaboration  with  our  group  in  that  we  would  provide  him  the  TNT  animal  models  and  behavioral  testing 
technique. 

Gangliosides,  the  target  antigens  of  anti-ganglioside  antibodies  (Abs),  are  major  cell  surface  detenninants  and 
the  predominant  sialoglycoconjugates  in  the  mammalian  nervous  system.  GDI  a  and  GTlb  are  the  two  major 
gangliosides  in  the  growth  cones  of  regenerating  axons.  Abs  with  GDI  a  specificity  can  act  as  inhibitory  cues 
for  growth  cones  . 

Initial  experiments  determined  a  phannacologic  effect  on  axonal  sprouting.  These  were  used  to  determine  a 
dose  for  treating  animals  in  whom  the  TNT  model  was  being  established.  The  average  behavioral  response  to 
mechanical  stimulation  at  the  neuroma  site  was  significantly  lower  (p<0.01)  for  the  nerves  in  which  the  antibody  was 
injected  (5.2  =/-  0.7,  n=4)  compared  to  the  control  nerves  that  were  injected  with  mouse  serum  (9.0  +/-  0.3,  n=4). 

While  this  is  very  preliminary  data,  it  does  appear  that  the  administration  of  an  Abs  may  prevent  painful 
Neuroma  fonnation.  We  will  continue  these  collaborative  studies  with  carefully  controlled  and  blinded 
experiments. 


KEY  RESEARCH  ACCOMPLISHMENTS 


-  The  formation  of  a  neuroma  subsequent  to  axotomy  can  be  altered  by  using  retrograde  transport  of  a  neural 
toxin  in  the  proximal  stump. 

-  Neuroma  test-site  mechanosensitivity  can  be  altered  by  retrograde  transport  of  a  neural  toxin. 


-  The  pain  behavior  associated  with  neuroma  formation  may  not  be  dependent  on  ongoing  activity  in  small 
fiber  neurons  (C-fibers,  A-delta  fibers). 

-  The  administration  of  a  systemic  anti-ganglioside  antibody  may  prevent  axonal  sprouting  in  a  neuroma  and 
the  thus  prevent  the  development  of  neuropathic  pain  secondary  to  Neuroma  mechanosensitivity. 
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CONCLUSION 


We  have  now  completed  the  first  and  second  of  three  specific  aims. 

The  pain  behavior  displayed  by  the  animal  results  from  mechanical  stimulation  of  the  neuroma,  a  phenomenon 
commonly  seen  in  patients  with  painful  neuroma.  The  tibial  neuroma  transposition  (TNT)  model  provides  the 
scientific  community  an  animal  model  of  neuroma  pain. 

The  application  of  Ricin  to  the  nerve  will  result  in  retrograde  transport  of  the  neural  toxin  and  axonal 
degeneration.  There  is  a  dose  dependent  loss  of  axons  and  prevention  of  neuroma  formation. 

The  application  of  Wheat  Genn  Agglutinin  -  SAP  to  a  nerve  will  result  in  retrograde  transport  of  the  neural 
toxin  and  loss  of  small  fiber  axons.  In  preliminary  experiments,  the  loss  of  these  “pain  fibers”  did  not  result  in  a 
loss  of  pain  behavior.  This  phenomenon  will  be  further  explored. 

We  will  now  proceed  with  the  third  and  final  specific  aim.  We  will  alter  neuroma  formation  using  retrograde 
transport  of  a  variety  of  neural  toxins  and  carefully  detennine  the  effects  on  pain  behavior.  Specifically,  we  will 
determine  if  we  can  both  prevent  painful  neuromas  from  forming  and  reverse  pain  behavior  by  treating  an 
existing  neuroma. 

We  will  pursue  the  use  of  anti-ganglioside  antibody  in  preventing  neuroma  formation  through  a  collaboration 
with  Dr.  Kazim  Sheikh  from  Johns  Hopkins  Neurology. 
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Abstract 


Peripheral  nerve  injury  may  lead  to  the  formation  of  a  painful  neuroma.  In  patients,  palpating  the  tissue  overlying  a  neuroma 
evokes  paracsthcsias/dysaesthcsias  in  the  distribution  of  the  injured  nerve.  Previous  animal  models  of  neuropathic  pain  have  focused 
on  the  mechanical  hyperalgesia  and  allodynia  that  develops  at  a  location  distant  from  the  site  of  injury  and  not  on  the  pain  from 
direct  stimulation  of  the  neuroma.  We  describe  a  new  animal  modd  of  neuroma  pain  in  which  the  neuroma  was  located  in  a  position 
that  is  accessible  to  mechanical  testing  and  outside  of  the  innervation  territory  of  the  injured  nerve.  This  allowed  testing  of  pain  in 
response  to  mechanical  stimulation  of  the  neuroma  (which  we  call  neuroma  tenderness)  independent  of  pain  due  to  mechanical 
hyperalgesia.  In  the  tibial  neuroma  transposition  (TNT)  modd,  the  posterior  tibial  nerve  was  ligated  and  transected  in  the  foot  just 
proximal  to  the  plantar  bifurcation.  Using  a  subcutaneous  tunnel,  the  end  of  the  ligated  nerve  was  positioned  just  superior  to  the 
lateral  malleolus.  Mechanical  stimulation  of  the  neuroma  produced  a  profound  withdrawal  behavior  that  could  be  distinguished 
from  the  hyperalgesia  that  developed  on  the  hind  paw.  The  neuroma  tenderness  (hut  not  the  hyperalgesia)  was  reversed  by  local 
lidocainc  injection  and  by  proximal  transection  of  the  tibial  nerve.  Atfcrents  originating  from  the  neuroma  exhibited  ^ontanoous 
activity  and  responses  to  mechanical  stimulation  of  the  neuroma.  The  TNT  model  provides  a  useful  tool  to  investigate  the  differ¬ 
ential  mechanisms  underlying  the  neuroma  tenderness  and  mechanical  hyperalgesia  associated  with  neuropathic  pain. 

C-  2007  International  Association  for  the  Study  of  Pain.  Publishod  by  Elsevier  B.V.  All  rights  reserved. 

Keywords  Neuroma;  Neuropathic  pan;  Hypetalgccu;  Nerve  injury;  Central  serualxubon;  AOodynu;  Neurofibroma 


1.  Introduction 

Painful  neuromas  can  arise  from  peripheral  nerve 
injuries  such  as  trauma,  amputation,  nerve  biopsy,  or 
resection  of  a  neurofibroma.  Patients  experience  tender¬ 
ness  to  palpation  of  the  skin  overlying  the  neuroma, 
spontaneous  burning  pain,  and  allodynia  and  hyperalge- 
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sia  in  the  distribution  of  the  injured  nerve.  Despite 
advances  in  our  understanding  of  neuropath  ic  pain,  pro¬ 
viding  adequate  pain  relief  for  these  patients  remains  a 
clinical  challenge  Unfortunately,  a  substantial  propor¬ 
tion  of  patients  develop  pain  that  is  refractory  to  con¬ 
temporary  pharmacological,  psychological,  and 
surgical  intervention  and  endure  significant  disability. 
Therefore,  research  is  needed  to  further  increase  our 
understanding  of  neuropathic  pain  and  to  develop  novel 
therapies. 

A  number  of  animal  models  that  involve  traumatic 
nerve  injuries  have  been  developed  to  study  neuropathic 
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pain  including  sdalic  nerve  transection  (Wall  el  al., 
1979),  chronic  constriction  injury  (Bennett  and  Xie, 
1988),  partial  sciatic  nerve  ligation  (Seltzer  el  al., 
1990),  spinal  nerve  ligation  (Kim  and  Chung,  1992), 
and  spared  nerve  injury  ( Decost erd  and  Woolf,  2000). 
These  contemporary  models  of  neuropathic  pain  have 
greatly  expanded  our  understanding  of  the  mechanisms 
underlying  neuropathic  pain.  However,  several  charac¬ 
teristics  of  these  models  limit  their  usefulness  in  studying 
neuroma  pain.  First,  the  observed  behavioral  changes 
are  evoked  by  stimuli  applied  to  the  hind  paw  at  a  loca¬ 
tion  distant  from  the  site  of  injury.  There  is  currently  no 
model  measuring  the  effect  of  directly  applying  stimuli 
to  the  neuroma.  Second,  there  is  mounting  evidence  that 
hyperalgesia  in  the  existing  models  can  develop  in  the 
hindpaw  independent  of  input  from  injured  afferenls 
and  thus  independent  of  the  neuroma  (Eschenfelder 
el  al.,  2000,  Li  el  al.,  2000).  Further,  hyperalgesia  may 
develop  following  lesions  that  do  not  involve  injury  to 
afferent  fibers  (e.g.,  ventral  rhizotomy)  (Li  el  al.,  2000; 
Sheth  et  al.,  2002)  or  the  formation  of  a  neuroma 
( Eschenfdder  el  al..  2000;  Sheth  et  al.,  2002).  These  find¬ 
ings  suggest  that  ectopic  activity  originating  from  a  neu¬ 
roma  is  not  necessary  for  development  of  hyperalgesia. 

We  aimed  to  develop  an  animal  model  of  neuroma 
pain.  An  ideal  model  would  produce  robust,  severe,  and 
lasting  behavioral  changes  resembling  those  seen  in 
patients  with  painful  neuromas  (i.e.,  ongoing  pain  sensa¬ 
tions,  pain  evoked  by  palpation  of  the  skin  overlying  the 
neuroma,  and  hyperalgesia  in  the  distribution  of  the 
injured  nerve).  We  propose  that  distinct  but  overlapping 
pa thophysio logical  mechanisms  underlie  the  multiple 
pain  phenomena  produced  by  peripheral  nerve  injury. 

We  based  our  model  on  the  clinical  observation  that 
mechanical  stimuli  applied  to  the  skin  overlying  a  neu¬ 
roma  produce  paracslhesias  or  lancinating  pain  in  the 
distribution  of  the  nerve  ( Hoffman-Tinel  sign).  It  is 
believed  that  this  dinical  sign  is  indicative  of  ectopic 
mechanosensilivity  of  injured  or  regenerating  afferent 
fibers.  W'e  hypothesize  that  mechanical  stimuli  applied 
to  the  skin  overlying  a  neuroma  in  a  rat  will  elicit  a  sim¬ 
ilar  sensation  and  provoke  foot  withdrawal.  Further,  we 
hypothesise  that  mechanical  hyperalgesia  will  develop  in 
the  cutaneous  distribution  of  the  injured  peripheral 
nerve.  Thus  a  peripheral  nerve  injury  model  was  created 
that  would  permit  the  independent  study  of  these  two 
distinct  pain  behaviors. 

2.  Methods 

2.1.  Experimental  animals 

Eighty  male  Spraguc-Dawlcy  rats  (Harlan,  Indianapolis, 
IN)  weighing  200-250 g  were  studied.  Two  to  four  animals 
were  placed  in  plastic  cages  with  sawdust  bedding,  housed  in 
a  climate  controlled  room  under  a  14/10  light/dark  cycle. 


and  providod  food  and  water  ad  libitum.  The  animals  were 
acclimatized  under  these  conditions  for  at  least  a  week  before 
the  initiation  of  experimentation.  The  Johns  Hopkins  Univer¬ 
sity  Animal  Care  and  Use  Committee  approved  the  testing  and 
surgical  protocol. 

2.2.  Surgical  procedures 

The  animals  were  randomly  assigned  to  surgical  groups  for 
each  experiment.  For  all  surgical  procedures,  deep  anesthesia 
was  maintained  throughout  surgery  with  2%  isofluranc.  All 
incisions  were  closed  with  running  6-0  silk  sutures.  All  proce¬ 
dures  were  performed  with  a  dissection  microscope.  At  the 
conclusion  of  each  experiment,  all  lesions  were  confirmed  at 
autopsy. 

2.2.1.  Tinal  neuroma  transposition  (TNT)  model 

The  objective  of  the  tibial  neuroma  transposition  surgery 
was  to  produce  a  neuroma  that  was  located  in  a  position  that 
was  accessible  for  mechanical  testing  and  that  was  outside  of 
the  innervation  territory  of  the  injured  nerve.  This  allowed 
testing  of  pain  in  response  to  mechanical  stimulation  of  the 
neuroma  (which  we  call  ’’neuroma  tenderness”)  independent 
of  pain  due  to  hyperalgesia. 

Our  docision  to  use  the  tibial  nerve  was  also  based  on  the 
following  factors:  (1)  Die  tibial  nerve  innervates  the  plantar 
surface  of  the  hindlimh.  The  expected  behavioral  response  to 
tibial  neuroma  stimulation  would  be  hindlimh  withdrawal. 
This  behavior  is  easy  to  quantify  and  commonly  used  in  most 
contemporary  models  of  neuropathic  pain.  With  experience  we 
were  able  to  increase  the  specificity  of  behavioral  testing  by- 
scoring  the  intensity  of  hindpaw  withdrawal.  (2)  The  tibial 
nerve  is  a  mixed  nerve  comprised  of  both  sensory  and  motor 
nerve  fibers.  Thus,  a  tihial  neuroma  would  be  expected  to 
develop  cloctrophysiological  properties  similar  to  those  dem¬ 
onstrated  in  other  mixed  nerve  neuroma  preparations  (e.g. 
spinal  nerves  and  sciatic  nerve). 

As  illustrated  in  Fig.  I  (sec  also  Fig.  3A),  the  posterior  tibial 
nerve  was  exposed  from  approximately  8  mm  proximal  to  the 
calcaneal  branch  to  I  mm  distal  to  the  plantar  nerve  bifurca¬ 
tion.  The  integrity  of  the  calcaneal  hranch  was  preserved  while 
it  was  dissected  free  from  the  main  trunk  of  the  tibial  nerve. 
Just  proximal  to  the  plantar  bifurcation,  the  tibial  nerve  was 
tightly  ligated  with  6-0  siOc  and  sharply  transected  with 
scissors. 

Using  a  blunt  glass  probe,  a  subcutaneous  tunnel  was  bur¬ 
rowed  from  the  medial  incision  site  to  the  lateral  a^ect  of  the 
hindlimh.  A  1.5  mm  diameter  plastic  tube  with  a  longitudinal 
slit  in  one  wafl  was  placed  in  the  tunnel.  The  needle-bearing 
end  of  the  suture  used  to  ligate  the  tibial  nerve  was  passed 
through  the  plastic  tube  and  pushed  through  the  skin  at  a  loca¬ 
tion  8-10  mm  superior  to  the  lateral  malleolus.  The  plastic 
tube  was  then  removed  from  the  tunnel.  The  suture  was  gently 
pulled  to  advance  the  tibial  nerve  stump  through  the  subcuta¬ 
neous  tunnel,  until  it  was  flush  with  the  inner  surface  of  the 
skin  of  the  lateral  hind  limb.  The  suture  was  then  cut  flush  with 
the  skin.  The  subsequent  neuroma  was  located  in  a  lateral 
position  that  was  easily  accessible  for  mechanical  testing 
(Fig.  1,  top).  The  suture  material  could  be  viewed  just  below 
the  sldn  surface  and  provided  a  target  for  mechanical  testing. 
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Fig.  1.  The  tibi j1  neuroma  UanspcMibon  f TNT)  model.  Schmulit  ckrpiclmg  TNT model  mirgery.The  distal  libial  nerve  m  the  loot  udmcUetl  Iroe  d 
jJjjcail  Issue,  hgsted  with  a  suture.  -xnd  cut  The  needle  from  the  suture  s  passed  through  j  subcuLiwous  tunnel  to  the  lateral  aspect  of  the 
hindhmh  where  it  is  pushed  through  tie  skin.  The  nerve  is  drawn  into  the  tunnel  until  the  bgature  is  adjacent  to  the  skm  The  suture  s  cut,  and  the 
incsuMi  dotted  (artwork  by  Ian  Suit,  Johns  Hopkins  lituvertity). 


2.2.2.  Sham  sur fiery  ( S ) 

The  tibial  nerve  was  dissoctcd  as  described  above  and  left 
intact.  A  subcutaneous  tunnel  was  formed  as  described  above. 
A  smaD  piece  of  connective  tissue  was  ligated  and  passed 
through  the  subcutaneous  tunnel  in  the  method  described 
above  (Fig.  3B). 

2.2.3.  Tibial  neuroma  with  no  transposition  (  TNT-nT) 

The  tibial  nerve  was  dissected,  ligated,  and  transected  as 
described  above  for  the  TNT  model  surgery,  but  not  trans¬ 
posed.  A  subcutaneous  tunnel  was  formed  and  connective  tis¬ 
sue  was  ligated  and  passed  through  to  the  lateral  hindlimb  as 
described  above  (Fig.  3Q, 

2.2.4.  Thial  neuroma  transposition  with  simultaneous  proximal 
transect  km  ( TNT-sPT ) 

The  TNT  model  surgery  was  performed  as  described  above. 
Once  the  nerve  stump  was  in  place  on  the  lateral  aspect  of  the 
foot,  the  tibial  nerve  was  sharply  transected  with  scissors  at  the 
proximal  entrance  of  the  subcutaneous  tunnel  ( Fig.  3D). 


2.2.5.  Thiol  neuroma  transposition  with  delayed  proximal 
transection  ( TNT-dPT ) 

The  TNT  model  surgery  was  performed  as  described  above. 
Twelve  days  after  surgery,  the  animals  were  re -anesthetized, 
and  the  tibial  nerve  was  dissected  free.  Three  millimeters  prox¬ 
imal  to  the  tunnel  entrance,  the  nerve  was  tightly  ligated  with 
6-0  sflk  and  a  2-3  mm  segment  of  the  tihial  nerve  distal  to  the 
ligature  was  removed  (Fig.  3E).  A  6-0  silk  suture  was  then  used 
to  anchor  adjacent  connective  tissue  to  dose  the  entrance  to 
the  tunnel.  For  control  animals,  the  nerve  was  exposed  but 
not  cut. 

2.3.  Behavioral  testing  with  mechanical  stimuli 

To  insure  blinding,  the  experimenters  doing  the  behavioral 
testing  were  hlindod  to  the  surgery  of  each  animal,  and  the  dif¬ 
ferent  surgical  groups  were  tested  concurrently.  The  rats  were 
tested  three  times  prcoperatively  and  several  times  during  the 
postoperative  period.  The  animals  were  placed  in  individual 
transparent  plastic  cages  on  top  of  an  elevated  wire  mesh  stage 
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Fig.  2.  Mechanical  hyperalgesia  testing  sites.  To  test  for  mechanical 
hyperalgesia,  von  Frey  probes  vrere  apphed  to  Literal  (sural  distribu¬ 
tion)  <>  middle  (tibial  distnbubon)  sites  on  the  plantar  surface  of  the 
paw.  Nerve  distnbutxms  were  derived  from  Swell  and  Woolf  (198S). 


that  allowed  access  to  the  plantar  surface  of  the  paw.  A 
2.5  x  20cm  window  at  the  bottom  of  the  sidewalls  of  the  cages 
permitted  application  of  von  Frey  filaments  to  the  ankle 
region.  Tire  animals  were  allowed  to  acclimate  to  the  testing 
environment  for  20-30  min  before  testing  began. 

2.3. 1.  Neuroma  tenderness 

The  suture  tied  to  the  distal  end  of  the  tibial  nerve  or  con¬ 
nective  tissue  was  visihlc  through  the  skin  and  served  as  the 
target  for  mechanical  stimuli.  An  analogous  site  served  as 
the  target  on  the  contralateral  hindlimh.  A  trial  consisted  of 
a  train  of  five  applications  of  a  von  Frey*  filament  (ISO  mN 
for  1-2  s)  with  an  intcrstimulus  interval  of  I  s.  If  the  animal 
re^onded  to  any  of  the  five  applications,  the  trial  was  termi¬ 
nated.  A  positive  response  was  defined  as  a  slow  withdrawal 
of  the  hind  paw,  or  rapid  withdrawal  with  vocalization,  licking, 
or  shaking.  Each  testing  session  consisted  of  five  trials  to  each 
hindlimh  with  an  intertrial  interval  of  about  2  min.  The 
Response  Frequency  was  defined  as  the  percent  of  positive  trials 
(i.c.,  100  times  the  number  of  positive  trials  divided  by  five). 

In  later  experiments,  we  implemented  a  grading  system  to 
qualitatively  evaluate  behavioral  responses.  Each  trial  was 
then  assigned  a  response  grade  ranging  from  0  to  2  based  on 
the  animal's  response.  A  grade  of  0  indicated  that  the  animal 
did  not  respond  during  a  given  trial.  A  grade  1  response  repre¬ 
sented  a  slow  withdrawal  of  the  paw.  A  grade  2  response  was 
defined  as  a  brisk  withdrawal  or  shaking,  licking,  or  vocaliza¬ 
tion.  The  Withdrawal  Score  was  defined  as  the  sum  of  rc^onse 
grades  for  the  five  trials  and  ranged  from  0  to  10. 

Whether  the  response  was  specific  to  mechanical  stimuli 
applied  to  the  target  site  was  evaluated  in  a  smaO  cohort  of 
animals  foDowing  TNT  surgery.  Testing  was  performed  as 


described  above,  but  in  addition  to  the  neuroma  test  site,  stim¬ 
uli  were  applied  to  skin  overlying  the  tibial  nerve  3  mm  prox¬ 
imal  to  the  neuroma,  and  the  skin  of  the  lateral  hindlimh  3  mm 
and  5  mm  inferior  to  the  neuroma. 

2.3.2.  Hindpaw  mechanical  hyperalgesia 

Mechanical  withdrawal  threshold  to  the  application  of  a 
von  Frey  probe  to  the  foot  was  mcasuicd  by  using  the  up- 
down  method  (Dixon,  1980).  An  ascending  scries  of  von  Frey 
hairs  of  logarithmically  incremental  force  (32,  5.2, 8.3,  15,  29, 
44, 64,  94,  and  160  mN)  were  applied  tosites  in  themiddle  (tib¬ 
ial  nerve  distribution)  and  lateral  (sural  nerve  distribution) 
aspect  of  the  plantar  surface  of  the  left  hindpaw  (Fig.  2). 
Mechanical  testing  followed  the  procedure  described  by 
Ringkamp  ct  al.  (1999).  Each  von  Frey  hair  was  applied  to 
the  test  area  for  about  2-3  s,  with  a  1-2  min  interval  between 
stimuli.  A  trial  began  with  the  application  of  the  15  mN  von 
Frey  probe  to  the  left  and  right  hindpaws  of  each  animal.  A 
positive  response  was  defined  as  a  rapid  withdrawal  and/or 
licking  of  the  paw  immediately  upon  application  of  the  stimu¬ 
lus.  Whenever  a  positive  response  to  a  stimulus  occurred,  the 
next  smaller  von  Frey  hair  was  applied,  and  whenever  a  nega¬ 
tive  response  occurred,  the  next  higher  force  was  applied.  The 
testing  continued  for  five  more  stimuli  after  the  first  change  in 
response  occurred,  and  the  pattern  of  responses  was  converted 
to  a  50%  von  Frey  threshold  using  the  technique  described  by- 
Dixon  ( 1980).  If  the  animal  showed  no  response  to  the  highest 
von  Frey  hair  ( 1 60  m N),  a  von  Frey  threshold  of  260  mN ,  cor¬ 
responding  to  the  next  log  increment  in  potential  von  Frey 
probes,  was  assigned  to  the  threshold. 

2.4.  Lid ocaine  block 

Nine  weeks  following  TNT  surgery,  a  cohort  of  eight  rats 
displaying  elevated  behavioral  re^onsc  frequencies  to 
mechanical  stimulation  of  the  neuroma  and  plantar  mechani¬ 
cal  hyperalgesia  were  randomly  assigned  to  two  interventional 
groups,  local  lidocainc  injection  or  control  lidocaine  injection. 
In  pairs,  the  animals  were  lightly  anesthetized  using  2%  isoftu- 
ranc.  One  animal  received  a  100 pi  injection  of  1%  lidocainc 
with  epinephrine  to  the  neuroma  target  site  marked  by  the 
suture  on  the  tibial  nerve.  To  control  for  systemic  effects  of 
lidocainc,  the  lidocainc/epincphrine  was  injected  into  the  sub¬ 
cutaneous  tissue  overlying  the  lumbar  spine  of  the  other  ani¬ 
mal.  Ten  minutes  after  aw’akcning  from  anesthesia,  the 
animals  were  placed  in  cages  on  top  of  the  testing  stage  as 
described  above.  Blinded  behavioral  testing  of  the  neuroma 
and  hindpaw  was  performed  as  described  above  immodiatcly 
prior  to  lidocainc  injection  and  three  times  after  injection 
(15 min,  60 min,  120 min).  Twx>  days  later,  the  animals  were 
crossed  over  to  the  other  treatment  arm  and  the  behavioral 
protocol  was  repeated. 

2.5.  Elect  rophysiological  procedures 

The  rats  were  initially  anesthetized  with  pentobarbital 
(50  mg/kg,  intraperitoncal).  Anesthesia  was  maintained  by 
int ravenous  administration  of  pentobarbital  (8-I0mgAg/h) 
via  the  jugular  vein.  Heart  rate  was  continuously  monitored 
as  an  indicator  of  adequate  anesthesia.  A  tracheotomy  was 
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performed,  and  animals  were  artificially  ventilated  to  maintain 
expired  pCQ.  to  40  mm  Hg.  Muscle  paralysis  was  achieved  by 
intravenous  pancuronium  bromide  ( 1  mg/kg).  Feedback-con- 
trollod,  water- pc  if  used  heating  pads  wcic  used  to  maintain 
core  temperature  ( measured  by  a  rectal  probe)  at  38  °C. 

Electro  physio  logical  recordings  were  made  from  the  tibial 
nerve.  Tcasod-tibcr  recording  techniques  were  used  as 
described  previously  (Campbell  and  Meyer,  1983).  Briefly,  a 
skin  incision  was  made  above  the  tibial  nerve  in  the  popliteal 
fossa,  and  the  tibial  nerve  was  exposed.  The  skin  around  the 
incision  was  used  to  form  a  pool  by  suturing  the  edges  to  a 
metal  ring.  The  pool  was  filled  with  warm  paraffin  oil.  A  split¬ 
ting  platform  was  placed  underneath  the  nerve  at  the  proximal 
end,  and  a  small  silver  wire  wfiich  served  as  the  recording  elec¬ 
trode  was  positioned  above  the  splitting  platform  Small  bun¬ 
dles  were  cut  from  the  nerve,  and  teased  into  smaD  filaments 
suitable  for  recording  activity  from  single  fihens.  A  stimulating 
electrode  was  placed  under  the  nerve  at  the  distal  end  of  the 


incision,  about  1.5  cm  distal  to  the  recording  electrode  The 
stimulation  electrode  was  used  to  deliver  electrical  pulses  of 
variable  strength  to  the  nerve  in  order  to  count  the  number 
of  A  and  C  fibers  on  the  recording  eloctrodc. 

The  neural  signal  was  differentially  amplified,  filtered,  and 
digitized  at  a  rate  of  25  kHr.  A  real-time  computer-based  data 
acquisition  and  processing  system  (DAPSYS,  Brian  Turnquist, 
Johns  Hopkins  University;  for  details,  go  to  http://www.dap- 
sys.net)  was  used  to  record  neural  activity.  The  software  pro¬ 
vided  multiple  window  discriminators  for  real-time  sorting  of 
different  action  potential  waveforms.  AO  waveforms  passing 
a  selectable  threshold  level  were  saved  for  post  hoc  analysis. 

Neural  recordings  were  performed  100- 1 20 days  after  the 
neuroma  (or  sham)  surgery.  After  determining  the  number  of 
tihers  at  the  recording  doctrodc  that  responded  to  electrical 
stimulation  of  the  nerve,  spontaneous  activity  was  measured 
over  a  5  min  interval.  A  heat  lamp  was  then  applied  to  deter¬ 
mine  if  the  spontaneous  activity  originated  from  cold  or  warm 
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fihcrs.  The  skin  over  the  neuroma  site  was  stimulated  with  a 
von  Frey  probe  (150mN)  and  hlunt  pressure  to  determine 
whether  mechanically  sensitive  fibers  were  present. 

2.6.  Histological  procedures 

Animals  were  euthanized  by  cardiac  puncture  under  docp 
anesthesia  and  subsequently  perfused  with  saline  and  4%  para¬ 
formaldehyde  in  Sorenson’s  buffered  solution.  Sections  from 
the  tibia!  nerve  proximal  and  distal  to  aD  sites  of  ligation 
and  transection,  as  well  as  the  neuroma  were  harvested.  The 
specimens  were  post-fixed  in  2%  osmium  tetroxidc  and  embed¬ 
ded  in  Epon.  Sections  ( I  pm)  were  stained  with  toluidinc  blue. 

2. 7.  Experimental  design 

Throe  separate  groups  of  animals  were  included  in  the 
experiments  described  in  this  study. 

2. 7. 1.  Experiment  group  one 

The  aim  of  the  initial  experiment  group  was  to  demon¬ 
strate  that  the  TNT  model  surgery  led  to  the  formation  of 
a  neuroma  with  characteristic  electro  physiological  and  histo¬ 
logical  properties  and  also  led  to  the  development  of  a 
behavioral  response  that  could  be  evoked  by  applying 
mechanical  stimuli  to  the  skin  overiying  the  neuroma.  The 
TNT  surgery  and  the  three  different  control  procedures  per¬ 
formed  in  experiment  group  one  arc  illustrated  in  Fig.  3. 
The  TNT  model  surgery  was  performed  in  eight  animals 
(Fig.  3A).  The  three  different  control  procedures  were  aimed 
at  confirming  that  the  pain  hchavior  in  response  to  palpat¬ 
ing  the  ligature  site  was  due  to  the  neuroma  formation. 
These  control  procedures  were  performed  concurrently  and 
were  therefore  also  useful  in  Minding  the  experimenters. 
For  eight  animals,  the  TNT  model  surgery  was  performed, 
hut  the  tihial  nerve  was  simultaneously  transected  proximal 
to  the  tunnel  (TNT-sPT,  Fig.  3D).  For  eight  additional  ani¬ 
mals,  the  tihial  nerve  was  ligated  and  cut  but  not  transposed 
to  the  lateral  location  (TNT-nT,  Fig.  3C).  Finally,  the  tihial 
nerve  was  exposed  but  not  cut  in  eight  sham  animals  (S, 
Fig.  3B).  For  all  animals,  a  tunnel  was  created  and  a  suture 
was  placed  under  the  skin.  Behavioral  testing  for  mechanical 
sensitivity  at  the  neuroma  test  site  was  performed  in  all  of 
the  animals.  In  animals  with  the  TNT,  mapping  of  the 
behavioral  rc^tonsc  following  application  of  stimuli  at  sites 
distant  from  the  neuroma  was  also  performed.  Elcctrophys- 
iological  and  histological  studies  were  performed  on  a  subset 
of  these  animals  at  the  conclusion  of  the  hchavioral  studies. 

2.7.2.  Experiment  group  two 

The  aim  of  the  second  experimental  group  was  to  investi¬ 
gate  the  effects  of  the  TNT  model  on  paw  withdrawal  thresh¬ 
olds  to  mechanical  stimuli  applied  to  the  plantar  surface  of 
the  hindpaw.  In  addition  to  TNT  surgery  (.V  =  8),  two  control 
groups  were  included  in  this  experiment  group.  Eight  animals 
underwent  a  sham  procedure  ("S",  Fig.  3B),  and  eight  animals 
did  not  undergo  any  surgical  procedures  (“C”,  Fig.  3F).  All 
animals  were  tested  for  mechanical  hyperalgesia  in  the  hind- 
paw,  as  well  as  mechanical  sensitivity  at  the  lateral  ankle 
(i.c.,  the  neuroma  test  site).  At  the  conclusion  of  eight  weeks 


of  hchavioral  testing,  the  eight  animals  that  had  received  the 
TNT  model  surgery  were  selected  for  the  lidocainc  experimen¬ 
tal  protocol  described  above. 

2. 7.3.  Experiment  group  three 

The  aim  of  the  third  experiment  group  was  to  determine  if 
the  behaviors  provoked  by  applying  mechanical  stimuli  to  neu¬ 
roma  test  site  or  plantar  hindpaw  depended  on  the  presence  of 
the  neuroma  at  the  lateral  testing  site.  Twenty-four  animals 
underwent  TNT  model  surgery.  Twenty  animals  that  demon¬ 
strated  robust  neuroma  tenderness  and  plantar  hyperalgesia 
were  selected  and  divided  into  two  surgical  groups.  Ten  days 
after  the  TNT  surgery,  1 1  animals  received  a  delayed  proximal 
transection  of  the  tihial  nerve  (TNT-dPT,  Fig.  3E).  To  control 
the  effects  of  re-exposing  the  tibial  nerve,  the  tihial  nerve  was 
exposed  but  left  intact  in  the  remaining  nine  animals.  All  ani¬ 
mals  underwent  additional  behavioral  testing  of  the  neuroma 
test  ate  and  lateral  aspect  of  the  plantar  hindpaw. 

2.8.  Statistical  analysis 

Since  the  hchavioral  scoring  methods  employed  yield  dis¬ 
crete  prefixed  values  rather  than  a  continuum,  and  since  the 
data  were  not  normally  distributed  because  of  the  ceiling 
effects  of  a  limited  range  of  von  Frey  hairs,  non- parametric 
tests  were  performed.  Tests  were  performed  to  analyze  the  var¬ 
iance  between  testing  days  (Friedman  AN  OVA  for  repeated 
measurements,  followed  by  Wile  axon  matched  pairs  when 
appropriate)  and  hetween  surgical  groups  on  a  given  testing 
day  (Kiuskal-Wallis  ANOVA,  followed  by  Mann-Whitney 
t’-test  when  appropriate).  A  p  value  of  <0.05  was  considered 
to  be  statistically  significant.  Data  are  presented  as  median 
with  25th  and  75th  quartiles. 

3.  Results 

3.1.  Mechanical  stimulation  of  the  skin  overlying  a  tihial 
neuroma  produces  a  behavioral  response 

In  experiment  one.  eight  animals  underwent  the  tibial 
neuroma  transposition  (TNT)  surgery  in  which  the  tibial 
nerve  was  ligated  and  rotated  such  that  the  ligature  was 
positioned  at  the  lateral  side  of  the  ankle  (Fig.  3A).  The 
three  control  groups  in  experiment  one  are  illustrated  in 
Figs.  3B-D.  Mechanical  stimulation  of  the  lateral  side  of 
the  ankle  with  a  von  Frey  probe  normally  did  not  lead 
to  a  behavioral  response.  However,  following  the  TNT 
surgery,  animals  developed  a  vigorous  response  to  von 
Frey  stimulation  at  the  ligature  (which  could  be  visual¬ 
ized  through  the  skin).  The  incidence  of  response  to  five 
trials  of  mechanical  stimulation  is  plotted  as  a  function 
of  lime  after  the  lesion  in  Fig.  4.  The  response  frequency 
for  the  TNT  group  differed  significantly  from  baseline 
starting  on  postoperative  day  5  and  persisting  for  the 
duration  of  the  experiment  ( 100  days).  The  response  fre¬ 
quency  for  the  TNT  group  differed  from  the  three  con¬ 
trol  groups  starting  on  day  six  and  for  most  of  the 
lime  points  thereafter. 
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Fig.  4  TNT  model  produces  neuroma  tenderness  Following  TNT 
surgery,  animals  displayed  an  increased  frequency  of  response  to 
apphuitxm  of  a  150  mN  voo  Firy  probe  to  the  ligature  *rte  The 
median  behavxrtal  response  frequency  lor  Ihe  TNT  group  differed 
significantly  from  barehne  starling  on  postoper  alive  day  5 
(B  —  p  <  (105).  The  TNT  group  differed  significantly  from  Ihe  Ihree 
control  group*  darling  on  day  7  (*  —p  <  0.05  with  respect  to  basehne 
and  with  respect  to  other  group*)  The  control  group*  dal  not  tidier 
significantly  fron  baseline  or  each  other.  Schema txs  of  the  surgeries 
performed  in  each  d  the  group*  are  shown  m  Fig  3. 

There  was  no  consistent  difference  in  response  fre¬ 
quency  for  any  of  the  control  groups  compared  to  base¬ 
line  or  each  other.  These  control  groups  were  run 
concurrently  with  the  TNT  modd  animals  to  insure 
blinding  of  the  experimenter.  Perhaps  the  most  interest¬ 
ing  control  group  is  the  TNT-sPT  group  in  which  the 
libial  nerve  was  ligated  and  rotated  as  is  done  for  the 
TNT  model  surgery  but  the  tibial  nerve  was  cut  simulta¬ 
neously  about  l  cm  proximal  to  the  ligature.  This  group 
did  not  display  an  increased  response  to  mechanical 
stimulation  at  the  ligature  site  indicating  that  the  behav¬ 
ior  was  not  due  to  the  surgical  manipulations  necessary 
to  position  the  ligature  on  the  lateral  side  of  the  fool,  but 
rather  require  that  the  nervous  supply  to  the  ligature  site 
(and  eventual  neuroma)  was  intact. 

To  confirm  that  this  behavior  did  not  reflect  cutane¬ 
ous  hyperalgesia  but  rather  required  stimulation  of  the 
neuroma,  we  applied  the  von  Prey  probe  at  four  differ¬ 
ent  locations  relative  to  the  ligature  (Pig.  5).  Von  Prey 
stimulation  to  the  skin  overlying  the  ligature  or  along 
the  course  of  the  libial  nerve  3  mm  proximal  to  the  lig¬ 
ature  always  evoked  a  100%  response  in  all  animals. 
Response  frequencies  decreased  in  a  distance  dependent 
manner  as  the  probe  was  applied  3  mm 
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Fig.  5  Focal  regxm  of  neuroma  tender tiers  in  TNT  model  The 
behavioral  response  frequency  to  affixation  of  a  150  mN  von  Frey 
probe  wat  measured  at  four  sites  on  the  lateral  hatdlsnb:  the  ligature 
site.  3  mm  proximal  to  the  hjature  (on  the  libial  nerve).  3  mm  mlerxir 
to  the  hjciture,  and  5mm  mlerxir  to  the  hgature  in  =  9). 


(RP  36  ±  10%)  and  5  mm  (RP  2±  2%)  inferior  to 
the  ligature  lest  site. 

3.2.  The  TNT  surgery  produces  behavioral  signs  of 
mecfianiail  hyperalgesia  in  the  hindpaw 

Experiment  two  served  as  a  randomized,  controlled 
assay  for  the  development  of  mechanical  hyperalgesia 
in  the  hindpaw  following  TNT  model  surgery.  Paw 
withdrawal  thresholds  to  mechanical  stimuli  applied  to 
the  lateral  paw  and  middle  paw  are  shown  in  Pig.  6. 
At  baseline,  there  was  no  difference  in  withdrawal 
thresholds  at  either  site  amongst  the  groups.  In  all 
groups,  the  withdrawal  thresholds  in  the  middle  of  the 
hindpaw  (tibial  nerve  distribution)  were  at  or  near  the 
cut  off  value  for  all  lime  points,  reflecting  the  fact  that 
the  animals  did  not  respond  to  the  highest  von  Prey 
before  the  injury  and  that  the  middle  of  the  paw  is 
almost  completely  denervated  by  the  tibial  lesion. 

The  mechanical  withdrawal  thresholds  in  the  lateral 
aspect  of  the  hindpaw  varied  significantly  with  group 
and  lime.  Animals  in  the  TNT  model  group  displayed 
mechanical  withdrawal  thresholds  that  were  signifi¬ 
cantly  lower  than  baseline  and  the  naive  control  group 
for  the  duration  of  the  postoperative  period  (51  days) 
with  the  exception  of  days  17  and  37  when  they  were 
only  significantly  lower  than  baseline.  The  TNT  model 
group  displayed  paw  withdrawal  thresholds  that  tended 
to  be  lower  than  those  of  the  sham  group  on  all  postop- 
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Fig.  6  TNT  motkl  produces  mechanical  hyperalgesia.  I* a*  withdrawal  threshold*  to  von  Frey  stimuli  applied  to  the  lateral  (A)  and  mxldle  •  B ;  test 
sites  are  plotted  si  a  luncbon  of  time  oiler  the  surgery .  (A)  At  the  lateral  test  site,  aiumok  in  the  TNT  model  group  i  ill  led  square.  n=  8)  deployed 
mechanical  withdrawal  threshold*  that  were  significantly  lower  than  baseline  i*  —  p  <  0.05,  **=/»<  0.01).  the  non-operated  control  (circle,  n  —  X. 
e  —p^  0.05  ,A'=p  <0.01),  and  the  sham  group  ( triangle,  n  =&,'  =p  <  0.05,  °  —p  <0.01)  There  was  no  difference  m  withdrawal  threshold*  at 
either  site  amotUBct  the  group*  at  hxcdaie.  (B)  In  all  group*,  the  withdrawal  thresholds  m  the  middle  d  the  haul  paw  (tibial  rat  ve  distribution)  dot  not 
vary  significantly  from  hold  me  at  any  point  m  the  postoperative  perxxl.  (C)  Tenderness  over  the  lateral  ankle  developed  m  all  arnmah  following 
TNT  model  surgery,  but  not  m  the  shim  or  control  arumol*  The  response  I reqiencie*  for  the  TNT  model  group  woe  significantly  elevated  compared 
to  non-operated  control  group  (^  =/>  <  0.01),  the  sham  group  (”  —  p  <  0-01),  and  hatch  re  (*"  —  p  <  0j01). 


Behavioral  Response  Frequency  (%)  Paw  Withdrawal  Th-eshold  (mN)  Paw  Withdrawal  Threshold  (ro*l) 
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er  alive  days.  This  difference  reached  significance  on  days 
23,  44.  and  51.  For  ihe  sham  and  naive  groups,  lateral- 
site  paw  withdrawal  thresholds  did  not  vary  significantly 
from  baseline  or  each  other. 

3.3.  Proximal  tihial  nerve  transection  reverses  the 
neuroma  tenderness  produced  by  the  TNT  model 

Experiment  three  evaluated  the  effect  of  a  delayed, 
proximal  libial  nerve  transection  on  neuroma  tender¬ 
ness.  Twenty  of  the  twenty-four  animals  that  underwent 
TNT  model  surgery  displayed  behavioral  response 
scores  that  were  significantly  greater  than  baseline  six 
days  after  surgery.  Ten  days  after  the  TNT  model  sur¬ 
gery,  1 1  of  these  animals  underwent  proximal  libial 
nerve  transection.  The  remaining  9  animals  had  the  lib¬ 
ial  nerve  exposed  (but  not  cut)  and  served  as  the  control 
animals  to  blind  the  experimenter. 

Following  proximal  libial  nerve  transection,  behav¬ 
ioral  response  scores  for  stimulation  at  the  neuroma 
dropped  abruptly  and  were  not  significantly  different 
from  the  baseline  scores  before  the  TNT  surgery.  The 
scores  were  significantly  lower  than  immediately  prior 
to  proximal  libial  nerve  transection  for  the  entire  testing 
period  (Fig.  7).  In  contrast,  following  libial  nerve  expo¬ 
sure  in  the  control  group,  response  scores  did  not 
decrease  but  remained  significantly  greater  than  baseline 
and  did  not  vary  significantly  from  immediately  prior  to 
libial  nerve  exposure.  Behavioral  response  scores  were 
significantly  lower  for  the  proximal  libial  nerve  transec¬ 
tion  compared  to  libial  nerve  exposure  group  on  all 
postoperative  test  days.  Thus,  proximal  libial  nerve 
transection  led  to  a  reversal  of  the  neuroma  pain 
behavior. 

3.4.  Mechanical  hyperalgesia  in  the  hindpaw  produced  by 
the  TNT  model  persist*  following  proximal  tibial  nerve 
transection 

Experiment  three  was  also  used  to  assess  the  effects  of 
proximal  libial  nerve  transection  on  mechanical  hyperal¬ 
gesia  produced  by  TNT  model  surgery.  At  baseline,  paw 
withdrawal  thresholds  for  the  two  groups  did  not  differ 
(Fig.  7B).  Immediately  after  TNT  model  surgery,  paw 
withdraw  al  thresholdson  the  lateral  side  of  the  foot  were 
significantly  lower  than  baseline  for  both  groups.  No  dif¬ 
ference  was  evident  between  the  groups.  Following  prox¬ 
imal  tibial  nerve  exposure  or  transection,  paw  withdrawal 
thresholds  remained  significantly  decreased  from  baseline 
for  all  animals.  There  was  no  difference  in  paw  withdrawal 
threshold  between  the  two  groups  at  any  timepoinl.Thus. 
proximal  libial  nerve  transection  did  not  lead  to  a  reversal 
of  the  hindpaw  hyperalgesia. 

A  total  of  40  animals  received  TNT  surgery  in  the 
three  experimental  groups.  Thirty-six  of  these  animals 
(90%)  displayed  a  positive  behavioral  response  to 


mechanical  stimulation  of  the  skin  overlying  the 
neuroma. 

3.5.  Local  lido caine  injection  reverses  the  neuroma 
tenderness  produced  by  the  TNT  model,  but  does  not 
effect  hindpaw  mechanical  hyperalgesia 

Fig.  8  illustrates  the  effects  of  local  lidocaine  injection 
on  neuroma  tenderness  and  hindpaw  mechanical  hyper¬ 
algesia  compared  to  the  effects  of  lidocaine  injection  al  a 
remote  site.  Eight  TNT  animals  from  experiment  group 
two  that  displayed  increased  behavioral  response  fre¬ 
quencies  al  the  neuroma-site  and  hindpaw  mechanical 
hyperalgesia  nine  weeks  after  tibial  nerve  neuroma 
model  surgery  were  enrolled  in  a  crossova  study. 
Response  frequencies  were  significantly  lowered  follow¬ 
ing  local,  but  not  remote,  lidocaine  injection.  This  was 
first  evident  al  1 5  min  and  lasted  for  the  duration  of 
the  experiment  (120  min).  Behavioral  response  frequen¬ 
cies  following  remote  lidocaine  injection  did  not  signifi¬ 
cantly  differ  from  pre-injection  levels. 

Paw  withdrawal  thresholds  to  mechanical  stimuli 
applied  to  the  lateral  aspect  of  the  paw  did  not  differ 
from  pre-injection  levels  following  remote  or  local  lido¬ 
caine  injection.  Following  injection,  the  withdrawal 
thresholds  of  the  two  groups  did  not  differ  with  respect 
to  each  other. 

3.6.  TNT  model  surgery  results  in  the  formation  of  a 
histologically  characteristic  neuroma 

Histological  sections  of  the  neuroma,  proximal  nerve 
and  distal  nerve  slump  were  examined  al  the  completion 
of  the  experiments,  some  seven  months  after  creation  of 
the  neuroma.  Longitudinal  sections  through  the  neuroma 
demonstrated  demyelin ation,  enlarged  unmyelinated 
axons,  increased  collagen,  excess  endoneurial  cells  and 
chaotic  orientation  of  axons,  all  features  characteristic 
of  nerve-end  neuromas  that  do  not  undergo  rotation 
( Fried  and  Devor,  1 988 ).  I  n  the  area  of  the  neuroma  near¬ 
est  the  ligature,  there  were  numaous,  large,  unmyelinated 
axons  as  previously  observed  in  detailed  studies  of  neu¬ 
roma  end  bulb  formation  (Fried  el  al.,  1991).  Unlike  pre¬ 
vious  studies,  we  observed  a  significant  number  of  thinly 
myelinated  axons  within  several  hundred  microns  of  the 
ligature  site  (Fig.  9),  presumably  reflecting  very  late 
changes  in  these  neuromas  studied  more  than  200  days 
after  nerve  ligation.  More  proximal  parts  of  the  nerve, 
leading  to  the  neuroma,  exhibited  a  normal  density  of 
axons  and  the  formation  of  some  regenerative  clusters. 

The  distal  nerve  slumps  that  were  generated  at  the 
time  of  the  initial  injury  were  identified  al  autopsy  by 
microdissection.  Perhaps  surprisingly,  these  distal  nerve 
slumps  were  not  denervated  but  rather  exhibited  a  large 
number  of  axons,  although  the  number  was  markedly 
reduced  when  compared  to  uninjured  nerves.  The  origin 
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Time  after  second  surgery  (days) 

Fig.  7.  Proximal  tibul  nerve  trjnxectxm  revet.**  neuroma  fetufeme$<  The  TNT  model  surgery  wxt  done  on  all  mimik  Ten  days  later,  the  tibia  1 
nerve  wa  exported  1  cm  proximal  to  the  hgature  site  in  animals  that  had  developed  robust  pan  behaviors  (n  —  20).  The  nerve  was  transected  n  1 1  of 
the  journals (TNT-dPT)  and  kit  alone  n  the  others  (TNT  sham  dPT).  (A)  Neuroma  tenderness  x  reversed  by  proximal  tibia  1  nerve  transection.  Thr 
TNT  surgery  produced  behavxxral  response  scores  that  vveie  significantly  greater  than  ha  seine  for  both  groups.  The  delayed  proximal  transection 
(dPT),  but  not  sham,  resulted  n  a  significant  decrease  m  the  behavioral  response  scores  to  a  level  that  wxt  not  sigouficanlly  dillerent  from  ha  seine 
The  behavioral  ns*  pome  scores  remained  significantly  k>vver  than  mmedutely  following  TNT  model  (“  —p  <  0.01)  for  the  entire  testing  period. 
Compared  to  sham  dPT  group,  the  dIT  group  demonstrated  behavioral  response  scores  that  were  significantly  k>wer  on  all  postoperative  test  days 
("  =/>  <■.  0.05,  m  —  p  <  0.01).  (B)  Paw  hyperalgesia  is  not  changed  by  proximal  tibul  nerve  transection.  At  base  line,  paw  withdrawal  thresholds  for 
the  two  groups  did  not  differ  lmmedutdy  alter  the  TNT  surgery ,  paw  withdrawal  threshold!  were  sigrnficmtly  lower  than  baseline  for  both  groups 
No  difference  was  evident  between  the  groups.  Following  dPT  or  sharn  dPF,  paw  withdrawal  threshold*  remained  significantly  decreased  from 
base  hue  and  did  not  differ  from  post -TNT  model  kveis  (*  —p  <  0.05,  ** <  0.01,  *“  =p  <  0.001).  There  was  no  difference  si  p»w  withdrawal 
threshold  between  the  two  groups  at  any  time  posit. 


and  directionality  of  these  axons  was  not  established  in 
these  experiments,  and  it  is  possible  that  these  axons 
were  retrograde  or  anterograde  in  direction  (Bet/.berg 
and  Campbell,  1998).  As  described  below,  we  demon¬ 
strate  that  these  axons  did  not  arise  from  the  tibial  nerve 
itself. 


Proximal  tibial  nerve  transection  (Experiment  three) 
resulted  in  massive  Wallerian  degeneration  in  the 
nerve-end  neuromas  when  examined  on  day  5  post -tran¬ 
section.  Following  proximal  tibial  nerve  transection, 
however,  there  was  no  Wallerian  degeneration  seen  in 
the  distal  nerve  stump  indicating  that  repopulation  of 
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Time  after  ^ecton  (minutes) 

Fig.  X  Lxlocjme  mjccbon  jI  the  site  of  the  neuroma  reveiset  neimm  j  teiulemess.  Nme  weeks  jlfcr  TNT  surgery,  hdomare  (1%,  100  ul )  was  injected 
at  the  site  c i  the  neuroma  or  at  a  remote  site.  (A)  The  local  hdocasie  injection  resulted  at  a  sijsuticant  decrease  in  the  response  frequency  to 
mechanical  stimulation  of  the  neuroma  (**=/><  0.01 ).  Injection  of  hdocasie  to  a  remote  site  dal  not  affect  the  response  frequency.  The  response 
frequencies  were  significantly  lower  following  injection  for  the  local  versus  remote  injection  group  fin  the  enbie  1 30 -min  test  perxxl  ("*  =p  <  0  01). 
( By  Lxlocaine  mjection,  local  or  remote,  did  not  alter  paw  withdrawal  thresholds  to  mechanical  stun  illation  of  the  plantar  hind  paw  at  any  time  point 
following  injection. 


the  distal  nerve  stump  was  not  due  to  invasion  by  axons 
arising  from  the  tibial  nerve  but  rather  to  recruitment  of 
axons  from  other  nerves.  This  suggests  that  reinnerva¬ 
tion  of  the  plantar  skin  may  be  due  in  part  to  axons 
from  adjacent  nerves  that  have  regenerated  through 
the  distal  slump  of  the  tibial  nerve. 

3.7.  Afferent  fibers  originating  from  the  tibial  neuroma 
exhibited  spontaneous  activity  and  mechanosensitivity 

In  animals  with  a  tibial  nerve  neuroma  {n  3),  single 
fiber  recordings  were  obtained  from  130  units  (90  C 


fibers  and  40  A  fibers)  in  the  tibial  nerve.  Spontaneous 
activity  was  observed  in  14  fibers;  in  two  of  these  fibers 
the  spontaneous  activity  originated  from  cold  fibers 
since  it  was  stopped  by  gentle  warming.  Mechanical 
stimulation  of  the  neuroma  elicited  a  response  in  5 
fibers.  In  the  sham  animal,  single  fiber  recordings  were 
obtained  from  26  fibers  (19  C  fibers  and  7  A  fibers). 
Spontaneous  activity  was  observed  in  2  fibers;  both  were 
cold  fibers  since  gentle  warming  stopped  the  spontane¬ 
ous  activity.  Mechanical  stimulation  over  the  nerve  did 
not  elicit  a  response.  These  results  are  comparable  to 
those  obtained  by  others  who  have  recorded  from  neu- 
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Fig.  9.  Thinly  mydiiutod  axanx  in  long-term  neuroma*  Longrtiulirul 
sectxmx  through  a  nrpteaentjtive  neuroma  at  seven  months  alter 
surgery  demonstrate  thinly  mvelmated  axons  m  both  longitudinal  and 
transverse  onenUlnn  i arrowheads)  Larue  unmvd mated  axons,  typ 
ieal  of  endbulht.  are  a  bo  seen  i  arrow)  There  k  an  litrejae  m 
urunyefafuted  axons,  non-neuronalendoneunal  cells  and  colbgen  Bar 
equab  40  u 


romas  in  the  peripheral  nerve  (Blumberg  and  Janig, 
1984;  Meyer  el  al.,  1985). 

4.  DisciKsiun 

We  developed  a  novel  model  of  neuropathic  pain  to 
specifically  investigate  the  mechanisms  of  neuroma  pain. 
The  libial  neuroma  transposition  (TNT)  model  pro¬ 
duce  a  robust  and  lasting  behavioral  response  charac¬ 
terized  by  tenderness  to  mechanical  stimuli  applied 
over  the  neuroma  and  hyperalgesia  to  mechanical  stim¬ 
uli  applied  to  the  plantar  hind  paw  .  The  neural  mecha¬ 
nisms  of  neuroma  tenderness  and  mechanical 
hyperalgesia  appear  to  be  different  since  interruption 
of  the  pain  signaling  pathway  from  the  neuroma  to 
the  CNS  by  local  application  of  lidocaine  or  by  proxi¬ 
mal  transection  of  the  libial  nerve  eliminates  the  neu¬ 
roma  tenderness  but  not  the  plantar  mechanical 
hyperalgesia. 

The  basis  for  the  TNT  model  is  the  clinical  obser¬ 
vation  that  palpating  the  tissue  overlying  a  neuroma 
evokes  paraeslhc>ias/dysac>thesias  in  the  distribution 
of  the  injured  nerve.  Anecdotal  reports  indicate  that 
palpating  sciatic  nerve  neuromas  in  rats  evokes  dis¬ 
tress  vocalization  and  struggling  (Devor  el  al., 
1999).  The  TNT  model  is  the  first  animal  model  that 
allows  neuroma  tenderness  to  be  systematically 
evaluated. 


4. 1.  Neuroma  tenderness 

Several  measures  were  taken  to  ensure  that  the 
behavioral  response  was  dependent  on  the  stimulation 
of  the  neuroma.  To  avoid  the  possibility  that  the  behav¬ 
ioral  response  was  due  to  the  hyperalgesia  often  seen  in 
the  distribution  of  an  injured  nerve  or  due  to  incisional 
pain,  the  libial  neuroma  was  rotated  from  iLs  natural 
position  to  the  lateral  aspect  of  the  hind  limb.  Control 
groups  for  the  different  surgical  steps  in  the  TNT  model 
were  used  to  exdude  behaviors  assodaled  with  surgi¬ 
cally  damaged  soft  tissue.  Maps  of  the  area  of  mechan¬ 
ical  hypersensitivity  demonstrated  that  the  evoked 
behavior  was  specific  to  stimuli  applied  to  the  neuroma 
and  not  to  hyperalgesia  of  the  adjacent  tissue.  Finally, 
we  were  able  to  reverse  the  neuroma  tenderness  by  inter¬ 
rupting  signaling  from  the  neuroma  to  the  CNS. 

The  severity,  robustness,  and  duration  of  neuropathic 
pain  behaviors  produced  by  the  TNT  modd  are  compa¬ 
rable  to  those  of  other  models  of  neuropathic  pain 
including  the  chronic  constriction  injury  (Bennett  and 
Xic,  1988),  partial  sciatic  nerve  ligation  (Seltzer  el  al.. 
1990),  spinal  nerve  ligation  (Kim  and  Chung.  1992), 
and  a  spared  nerve  injury  (Decoslerd  and  Woolf, 
2000).  The  neuroma  tenderness  appeared  within  several 
days. 

Within  hours  of  a  nerve  transection,  ectopic 
mechanosensitivity  develops  al  the  severed  nerve  tips 
(Welk  el  al.,  1990;  Koschorke  cl  al.,  1991;  Michaelis 
el  al.,  1995).  In  myelinated  fibers,  the  incidence  of 
mechanically  sensitivity  increases  over  the  first  24  h 
reaching  a  level  of  about  25%.  This  is  presumably  due 
to  the  axonal  transport  and  accumulation  of  transduc¬ 
tion  elemcnLs  al  the  severed  lip  (Koschorke  et  al., 
1994).  For  unmyelinated  fibers,  the  incidence  of 
mechanosensitivity  is  about  13%  and  remains  relatively 
constant  over  a  2-monlh  period  (Welk  et  al.,  1990). 
Afferent  fibers  whose  regenerating  sprouts  become 
trapped  in  neuromas  also  develop  ectopic  spontaneous 
activity,  crosstalk,  and  sensitivity  to  thermal  and  chem¬ 
ical  stimuli  (Blumberg  and  Janig,  1984;  Devor  el  al., 
1999;  Michaelis  el  al„  1999;  Rivera  et  al.,  2000).  Our 
findings  of  spontaneous  activity  and  mechanically- 
evoked  responses  in  A-fiber  and  C-fiber  afferent,  in  the 
libial  neuromas  are  consistent  with  these  reports. 

The  ectopic  mechanosensitivity  of  afferenls  trapped 
in  the  neuroma  is  believed  to  be  responsible  for  the 
abnormal  sensory  phenomena  evoked  by  neuroma  pal¬ 
pation.  Micro  neurography  in  a  patient  with  a  peroneal 
nerve  neuroma  revealed  that  percussion  of  the  neuroma 
elicited  an  intense  burst  of  spike  activity  and  augmenta¬ 
tion  of  the  patient’s  pain  (Nystrom  and  Hagbarth, 
1981).  In  experimental  neuroma  preparations,  ‘hot 
spots*  of  mechanosensitivity  are  clustered  at  the  nerve 
endbulb  (Devor  el  al.,  1999).  Following  a  crush  injury 
or  nerve  section  with  resuturing.  mechanosensitive  sites 
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have  been  observed  up  to  6  mm  proximal  to  the  injury 
site  (  Gorodetskaya  et  al.,  2003)  presumably  due  to  retro¬ 
grade  sprouting.  Our  finding  that  mechanical  stimula¬ 
tion  of  the  libial  nerve  trunk  proximal  to  the  neuroma 
evoked  a  behavioral  response  is  consistent  with  the  exis¬ 
tence  of  mechanosensilive  spots  proximal  to  the  injury 
site. 

Changes  in  the  phenotype,  quantity,  and  distribution 
of  ion  channels  (specifically  sodium  channels  that  accu¬ 
mulate  in  the  nerve  stump)  may  underlie  the  ectopic 
electrical  properties  that  arise  in  injured  afferents  (Devor 
et  al.,  1999).  Systemic  or  topical  application  of  a  range 
of  "membrane  stabilisers"  (Na  channel  blockers)  rap¬ 
idly  silences  abnormal  firing  generated  al  nerve-injury 
sites  in  rats  (Yaari  and  Devor,  1985;  Burchiel,  1988; 
Devor  el  al.,  1994;  Malzner  and  Devor,  1994 1.  Further, 
perioneuromal  or  trigger  point  injections  of  local  anes¬ 
thetic  often  provide  relief  for  patients  with  painful  neu¬ 
romas  (Chabal  el  al.,  1992;  Graeely  el  al.,  1992). 
Consistent  with  this  latter  observation  is  our  finding  that 
the  neuroma  tenderness  is  reversed  by  local  lidocaine 
injection . 

4.2.  Plantar  hyperalgesia 

Following  nerve  injury,  patients  report  allodynia  and 
hyperalgesia  in  the  partly  denervated  skin  (Trotter  and 
Davies,  1909;  Sunderland.  1978;  Fish  bain  el  al.,  1996; 
Bonica  et  al.,  2001).  An  advantage  of  the  TNT  model 
is  that  it  produces  both  mechanical  hyperalgesia  in  the 
cutaneous  territory  of  the  sural  nerve  and  neuroma  ten¬ 
derness.  The  sural  nerve  territory  lies  adjacent  to  and 
partially  overlaps  the  denervated  libial  nerve  territory 
(Swell  and  Woolf  1985).  Similarly,  lesion  of  two  of 
three  terminal  branches  of  the  sciatic  nerve  (libial  and 
peroneal)  also  produces  robust  mechanical  hyperalgesia 
in  the  cutaneous  territories  of  the  spared  sural  and 
saphenous  nerves  (Decosterd  and  Woolf,  2000). 

In  the  present  study,  proximal  libial  nerve  transection 
reversed  neuroma  tenderness,  but  not  plantar  mechani¬ 
cal  hyperalgesia.  This  supports  the  hypothesis  that  the 
two  behaviors  have  distinct  mechanisms.  The  neuroma 
tenderness  is  dependent  on  activity  originating  from 
the  neuroma.  The  persistence  of  plantar  mechanical 
hyperalgesia  suggests  that  this  hyperalgesia  is  indepen¬ 
dent  of  ectopic  activity  from  the  neuroma. 

The  plantar  hyper  algesia  seen  in  this  model  is  similar 
to  that  seen  in  other  neuropathic  models  involving  trau¬ 
matic  nerve  injuries  and  is  likely  due  to  similar  mecha¬ 
nisms.  Many  authors  think  that  hyperalgesia  is  a  result 
of  central  sensitization  to  input  from  normal  afferents. 
What  drives  this  central  sensitization  is  controversial. 
Ectopic  activity  from  injured  afferents  appears  to  play 
a  role  in  some  studies  (Liu  et  al.,  2000).  Another  possi¬ 
bility  is  that  adjacent,  uninjured  nociceptive  afferents 
develop  spontaneous  activity  (Wu  et  al.,  2001)  that 


might  drive  central  sensitization.  A  recent  study 
reported  that  uninjured  nociceptors  become  sensitized 
to  mechanical  stimuli  after  a  spinal  nerve  ligation  injury 
(Shim  d  al.,  2005),  and  therefore  central  sensitization 
may  not  be  required. 

Since  behavioral  testing  was  not  performed  until  sev¬ 
eral  days  after  the  proximal  libial  nerve  transection,  we 
cannot  exclude  the  possibility  that  a  new  neuroma  devel¬ 
oped  at  the  transection  site  and  became  the  focus  of 
ectopic  impulse  generation  that  could  drive  the  central 
sensitization  responsible  for  the  plantar  hyperalgesia. 
For  example,  spontaneous  activity  in  unmyelinated 
afferents  can  develop  within  30  h  of  nerve  section 
(Michaelis  el  al.,  1995).  However,  lidocaine  injections 
al  the  neuroma  site  reversed  the  neuroma  tenderness 
(and  presumably  ectopic  activity  from  the  injury  site) 
but  also  did  not  reverse  the  hyperalgesia.  These  manip¬ 
ulations  did  not  block  ectopic  impulses  in  injured  affer¬ 
ent  that  may  arise  from  more  proximal  locations  along 
the  nerve  trunk  or  the  DRG. 

4.3.  Ongoing  pain 

Patients  describe  ongoing  burning,  cramping,  or  lan¬ 
cinating  sensations  in  the  distribution  of  the  injured 
nerve.  Ongoing  pain  may  be  due,  al  least  in  part,  to 
movement  of  the  neuroma  which  is  tethered  to  adjacent 
tissue  since  surgical  repositioning  of  the  neuroma  to 
minimize  movement  can  alleviate  some  of  the  pain. 
Measurements  of  spontaneous  pain  in  animals  have 
been  problematic.  Several  authors  have  advocated  that 
self-mutilating  behavior,  termed  autotomy,  observed 
after  sciatic  nerve  transection  is  an  indication  of  sponta¬ 
neous  pain  (Wall  et  al.,  1979;  Levitt,  1985;  Coderre 
et  al.,  1986;  Blumenkopf  and  Lipman,  1991;  Seltzer 
et  al.,  1991).  Others  argue  that  the  autotomy  behavior 
represents  a  reaction  to  chronic  paraeslhesias,  excessive 
grooming,  or  a  proclivity  of  some  species  to  shed  a  func¬ 
tionally  impaired  insensate  limb  (Rodin  and  Kruger, 
1984;  Lindblad  and  Ekenvall,  1986;  Moossy  el  al., 
1987).  Although  the  TNT  model  produces  ectopic  elec¬ 
trical  activity  and  stimulus  evoked  pain  behaviors,  none 
of  the  animals  exhibited  autotomy.  Other  forms  of  spon¬ 
taneous  pain  behaviors  (e.g.,  hindlimb  flinching, 
scratching,  or  biting)  were  not  observed.  Therefore, 
the  presence  and/or  degree  of  spontaneous  pain  pro¬ 
duced  by  the  TNT  model  remains  uncertain. 

4.4.  Clinical  relevance 

Many  of  the  drugs  currently  used  to  treat  neuropath¬ 
ic  pain  result  in  unacceptable  side  effects  such  as  seda¬ 
tion  and  cognition  impairment.  The  TNT  model  will 
be  an  important  tool  in  the  preclinical  development  of 
new  therapies  for  neuropathic  pain.  The  TNT  model 
allows  neuroma  tenderness  to  be  investigated  indepen- 
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den l  of  hyperalgesia.  This  provides  ihe  opportunity  to 
investigate  novel  therapeutic  strategies  that  specifically 
target  neuroma  pain. 
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